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AN INVESTIGATION OF THE USE OF ACOUSTIC 
ENERGY ABSORBERS TO DAMP LOX/RP-1 

COMBUST ION OSC ILLATIONS 

Curt is  R .  Bailey 

SUMMARY 

The effectiveness of acoustic energy absorbers  in damping LOX/RP- 1 
combustion oscillations was investigated. 
both cooled and uncooled absorbers  in a 4000-pound thrust  combustion 
chamber.  Combustion oscil lations,  which had been consistently severe  
without the liner s ,were effectively damped when the l iners  were installed. 
Oscillations result ing f rom bomb-induced disturbances within the chzmber 
were  also effectively damped. A liner one-half a s  long a s  the combustion 
chamber and positioned a t  the injector end was a s  effective a s  the full- 
length l iner .  

Test  f i r ings were conducted using 

A sample absorber  calculation i s  presented and absorber  design pro-  
cedures a r e  outlined. The effects of variations in design assumptions a r e  
discussed,  and it i s  concluded that these effects,plus the lack of a proven 
design procedure,  preclude the accurate  calculation of the absorption 
coefficient . 

INTRODUCTION 

Acoustic energy abso rbe r s  have appeared attractive for severa l  yea r s  
a s  a means of eliminating combustion instability in  rocket  engine thrus t  
chambers .  Since 1963, a NASA sponsored program,  NAS8- 11038 "AStudy 
of the Suppression of Combustion Oscillations with Mechanical Damping 
Devices, I' has been conducted by P r a t t  and Whitney Aircraf t  for  the pur-  
pose of defining and optimizing a usable theory of absorber  design for use 
in rocket thrust  chambers .  The use  of a perforated combustion chamber 
liner having an outer shell  that  forms  a paral le l  a r r a y  of Helmholtz 
resonators  was explored. 
effective in damping combustion oscillations. 

These l iners  or absorbers  have been very 

The subject program was init iatedto investigate the performance of acous- 
t ic energy absorbers  in a liquid oxygen/RP-1 combustor in which the instability 
was both severe  and repeatable. Specifically, the program goals were  to 



determine; (a) the theoretical  absorption coefficient required to damp 
the instability, (b) the sensitivity of absorber  location within the com- 
bustion chamber,  (c) the effects of bomb-induced disturbances on com- 
bustion stability, and (d) determination of cooling requirements  for the 
l iner cavity shell. 

The author acknowledges the efforts of the Advanced Technology 
Tes t  Section, George C. Marshall  Space Flight Center,  in executing 
this  program,  and the service of Mr.  B. F. Boggs, Rocketdyne Divisior,, 
North American Aviation, Inc. ,  for providing the bombs used in the 
stability rating tes t s .  A special thanks goes to Mr.  G. D. Garr ison,  
Pratt and Whitney Aircraf t ,  for his many and varied contributions to 
this  effort. 

TEST CONF IGU RAT ION 

The basic th rus t  chamber configuration shown in Figure l (a)  used 
liquid oxygen and R P -  1 propellants and produced a nominal th rus t  of 
4000 pounds a t  a chamber p re s su re  of 1000 psia.  The chamber had a 
character is t ic  length (LS) of 47. 5 inches and a nozzle contraction rat io  
of 4. 5. The injector was of concentric tube design with oxidizer in the 
center tube. The design used 152 stainless s teel ,  0.063 OD, 0.043 ID 
oxidizer tubes,  with 0.070-inch fuel orificies.  The nozzle and chamber 
sections were made of copper, and the injector assembly was s ta inless  
steel .  

The t e s t  configuration, modified to accomodate the cooled acoustic 
l iner ,  i s  shown in Figure l (b) .  Basic chamber dimensions a r e  the 
same as for the chamber shown in Figure l ( a ) .  
uncooled acoustic l iner was s imilar .  The cooled and uncooled l i ne r s  
a r e  shown in Figure 2.  
coated with 0.020-inch thick zirconia. 
2 .3  percent ,  provided by 1700 - 0.040-inch diameter holes. 
resonator cavity thicknesses were 0.  10 inches each. 
l iner consisted of fifty 0.25-inch OD, 0.040-inch wall stainless s teel  
tubes welded together to fo rm a 3.73-inch diameter chamber.  
hundred and fifty 0.040-inch holes were dril led between the tubes pro-  
viding a full-length l iner a s  shown in Figure 2(c). After severa l  t e s t s  
had been conducted, a half-length liner was obtained by welding the 
aper tures  closed in the downstream half of the chamber.  
a r e a  ratio was 2 .5  percent.  
0.169 inches,  but half-cylinder i n se r t s  were  added during the t e s t  
phase to reduce it to 0.072 inches. 

Installation of the 

The uncooled liner was made of s ta inless  s teel  
Open a r e a  rat io  of the liner was 

Liner and 
The water-cooled 

Thirteen 

Liner open 
Resonator cavity thickness was normally 
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- . . . . , . . . .  

The solid propellant charges  o r  bombs used for the stability rating 

Installation of 
t e s t s  were enclosed in an ablative case  that was screwed onto the injector 
face approximately 0.70 inches f r o m  the chamber wall. 
the bomb required the removal  of one of the injector elements.  The 
charges contained either a 6 .9  grain Olin Matheson blasting cap or a 
13.5 grain Du Pont E-83 blasting cap that ignited when the case  ablated 
away. 

INSTRUMENTATION AND DATA REDUCTION 

Instrumentation was provided for all measurements  required to 
determine thrust  chamber performance and facility operation. 
facility and low-frequency thrust  chamber measurements  were recorded 
on System Engineering Laborator ies  (SEL) and Scientific Data Systems 
(SDS) digital instrumentation systems and Consolidated Electrodynamics 
Corporation (CEC) oscillographs. Fluid flow measurements  were  made 
with Pot ter  turbine flowmeter s ,  and steady state p r e s s u r e  measurements  
were  made using either Wianko variable reluctance t ransducers  or CEC 
s t ra in  gage t ransducers .  Flow measurement  accuracy was approximate- 
ly * 1.5 percent and steady-state p r e s s u r e  measurement  accuracy was 
approximately * 1.0 percent.  Liner cavity g a s  tempera tures  were  
measured  with chromel-alumel thermocouples positioned a s  shown in 
Figure 2(c).  Overall  measurement  accuracy was approximately f 1.5 
per cent. 

All 

All high frequency data were  recorded and s tored by an Ampex 
tape recorder  and la te r  t ransfer red  to a CEC oscillograph. The cham- 
ber p re s su re  data were  digitized a t  a sampling r a t e  of 20 ,000  samples 
per  second, then analyzed using an IBM 7094 random vibration analysis 
program. The data were usually processed with a 20 cycles per second 
fi l ter  over a total band width of 10 ,000  cycles per  second, then presented 
by an automatic digital plotter in the f o r m  of rms p r e s s u r e  a s  a function 
of frequency. 

Several  types of t ransducers  were  used for t ransient  chamber p re s -  
su re  measurements ,  and significantly different r e su l t s  were  obtained 
during instability, depending on which t ransducer  was used and how it 
was installed. Photocon model 352A t ransducers  r eces sed  approximately 
0. 10 inches f r o m  the l iner wall were  used for the uncooled l iner fir ings 
and satisfactorily provided amplitude measurements  accura te  (* 10 per  - 
cent) to frequencies approaching 10,000 cps. 
147-25, in which a l iner was not used was monitored with a Dynisco 
PT-49  mounted flush with the chamber wall approximately one inch f r o m  
the injector face. 

A base instability fir ing,  

This configuration provided measurements  accura te  

3 



(* 10 percent) to 10,000 cps,  but it was not suitable for continued use,  
because it could not withstand the high heating r a t e s  encountered dur- 
ing instability. Aerojet  helium bleed t ransducers ,  model HB-3X ahd 
HB-4XJ were used exclusively for the cooled l iner  test s e r i e s ,  and an  
HB-4X was used with a Dynisco PT-130 to monitor a second base 
instability firing, 176- 12. The PT-130 was r eces sed  one-half inch 
f r o m  the inner wall of the chamber and connected to the chamber with 
five 1/8-inch diameter holes. Resonance is  reached with this configura- 
tion at approximately 3000 cps and amplitude measurement  accuracy 
above 2000 cps is  questionable. For  this application, the response of the 
helium bleed t ransducers  was limited to approximately 5000 cps. 
effect of this was not par t icular ly  important, however, because all liner 
fir ings were stable. 
t ransducer ,  176- 12, the measured amplitudes are  not accurate .  

The 

For  the one unstable fir ing using a helium bleed 

TEST RESULTS 

Basic T h r u s t  Chamber 
Typical combustion instability data obtained during fir ings of the 

unlined chamber in a previous test program are  presented in Figures  3 
and 4. Figure 3 shows the peak-to-peak amplitude of chamber p re s su re  
as presented by a digital plotter,  and Figure 4 is a frequency analysis of 
the same data. Note that peak-to-peak amplitude is approximately 1600 
psi ,  and the predominate frequency is  7200 cps. 
the first tangential acoustic mode of the chamber.  
configuration shown in Figure l (a)  consistently produced this type of 
instability in  fir ings conducted in another program. 
(O/F),greater than 1. 5, a 100 cps chugging mode s tar ted immediately 
af ter  ignition with the fir st tangential mode gradually becoming predomi- 
nate af ter  approximately one second. 
the chugging pers is ted throughout the run with no high frequency instability. 

This corresponds to 
The thrust  chamber 

For  mixture ra t ios  

For  mixture ra t ios  less than 1.0, 

Uncooled Acoustic L ine r  
Two firings used the uncooled l iner shown in Figure 2(a).  This design 

had a calculated absorption coefficient of approximately 95 percent a t  7200 
cps,  the f i r s t  tangential frequency. 
effects wi l l  be discussed la ter .  
firing. 
instability was damped. 
the high heating ra tes  for even short  duration fir ings,  and it was necessary 
to design a cooled configuration. 
l iner af ter  one three-second firing. 

The design assumptions and their  
There was no instability during either 

The uncooled l iners  were  unable to withstand 
A comparison of Figures  4 and 5 i l lustrates  how effectively the 

Figure 6 shows the condition of an  uncooled 
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Cooled Acoustic Liner 

Tests  number 176-1 through 176-4 were conducted using the full- 
length cooled l iner installed without the cavity space r s  so that backing 
cavity depth was 0. 169 inches. 
Table I. 
i s  presented a t  the top of Figure 7 ,  and the t r a c e s  a r e  typical of the 
other fir ings.  

Basic t e s t  r e su l t s  a r e  presented in 
The osci l logram of the p re s su res  measured  during run 176-4 

The l iner damped all instability. 

Backing cavity space r s  were  installed in the l iner pr ior  to run 
The t e s t  176-5, reducing the backing cavity depth to 0.072 inches. 

r e su l t s  showed no change in performance with this configuration, and 
the combustion remained stable. 

P r i o r  to run 176-6 a l l  l iner aper tures  in the downstream half of 
the chamber were  welded closed. 
removed to provide the original backing cavity depth. Run 176-6 was 
aborted due to a TEA inlet pin failure,  but runs 176-7 and 176-8 used 
the same configuration for run durations of five seconds and three  
seconds, respectively.  No detectable difference was noted between the 
stability obtained with this configuration and the previous ones. 

The backing space r s  were a l so  

Run 176-9 used the concentric orifice injector modified to accept 
the ablative-type pulse charge.  
300 psi  pulse. 
r i s e  t ime of 1. 5 mill iseconds.  
to-peak, 6400 cps oscillations that damped out completely in 45 milli- 
seconds. 

The 6.9-grain charge used caused a 

The pulse developed into 100 ps i  peak- 
The pulse was not a s  spontaneous a s  expected with a 

Run 176- 10 used the same  configuration a s  the previous t e s t ,  except 
the cavity spacers  were  again inser ted in the backing cavity. The 6.9 
grain charge was a l so  used for this f ir ing,  but the oscillograph t r aces  
indicated that the charge burned errat ical ly .  
surges  were  recorded but no significant sharp pulses.  
in stability. 

Several  smal l  p r e s s u r e  
There was no 

The l a s t  firing with the acoustic l iner ,  run 176-11, used the same 
configuration a s  the previous t e s t  except a 13. 5 grain pulse charge was 
used. Figure 8 shows a t r a c e  of the 2600 psi  pulse which resulted.  As 
shown, there  was no combustion instability. The high ove rp res su re  
yielded the liner somewhat, although the damage was not extensive. 

The final firing, run 176-12, used no acoustic l iner  and was made 
to obtain additional instability charac te r i s t ics  of the configuration. The 
combustion was character is t ical ly  unstable. An osci l lagram of the p re s -  
su re  t r aces  is shown a t  the bottom of Figure 7. F o r  reasons previously 
discussed in  the instrumentation section, the p r e s s u r e  amplitudes a r e  
not accurate  and a r e ,  therefore ,  not presented. 
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DES IGN CONSIDERATIONS 

Before any attempt is  made to  draw conclusions based on the test 
resu l t s ,  the l iner design assumptions will be discussed and considera- 
tion will be given to the variations in  absorption coefficients which 
resul t .  
can be measured during thrust  chamber f i r ings,  and the instability data 
must  be analyzed as functions of calculated absorption coefficients. 
Since the values of the coefficients can va ry  significantly with combustor 
operating conditions not measured in this program, a discussion of the 
effects of these variables is considered necessary.  Also, it should be 
made clear that the acoustic energy absorber  design theory is  still in 
a state of development, and the effects of some of the conditions present  
in rocket th rus t  chambers  have not been resolved. 
program of some of these unknowns a r e  discussed below. 

Unfortunately, no method exists by which absorption coefficients 

The effects on this 

Uncooled Acoustic Liner 
Calculated values of absorption coefficients f o r  the uncooled 

l i ne r s  are plotted as functions of frequency and aper ture  gas 
temperature  in  Figure 9. 
3000 OR and, since the available velocity correction procedures  were  not 
believed to be accurate ,  zero  gas velocity pas t  the aper tures  was assumed. 
Theoretical  absorption for the l iner at design conditions is shown as the 
top curve for the no-flow cases  on Figure 9. 
coefficient is approximately 94 percent at 7200 cps,  the unstable frequency, 
with the curve remaining fairly flat over the ent i re  band. For  the assumed 
no-flow conditions, note a lso the effect i f  the assumed temperature  was too 
high. 
1000"R it is essentially zero.  Consider now the effects of a faulty assump- 
tion of zero  g a s  velocity past  the l iner .  Absorption coefficient curves for 
velocities of 250 f t / s ec  and 500 f t / s ec  a re  also presented in  Figure 9. 
Note that the effect of gas temperature  is  r eve r sed  f r o m  the no-flow case ,  
with lower temperatures  producing higher values of absorption coefficients. 

The assumed aper ture  g a s  temperature  was 

Note that the absorption 

At 2000"R, the absorption coefficient drops to 16 percent and at 

Cooled Acoustic Liner 
Data of the same type for the cooled acoustic l iners  a r e  presented in  

Figures  10 and 11. 
tu re  was 3000  "R with a gas velocity of 500 f t / s ec  past  the l iner .  
conditions, theoretical  absorption coefficient at design frequency was 80 
percent for the 0.169-inch cavity l iner .  The addition of backing spacers  
to reduce cavity depth to 0.072 inches reduced the design absorption 
coefficient to approximately 20 percent,  as shown in Figure 11. 
a id  to demonstrate the effects of design assumptions,  the frequency 

For these l iners ,  the assumed aper ture  gas tempera-  
At these 

AS an  
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variable was removed and the absorption coefficients at 7200 cps were  
plotted in Figure 12 a s  functions of velocity and gas temperature .  

Sound P ressu r e  Level Effects 
Presented  in the Appendix a r e  sample calculations of absorption 

coefficients of the acoustic l i ne r s  used in  this program. Note that one 
of the design assumptions is the incident p r e s s u r e  amplitude of 190 db 
or 1872 lbf / f t2 .  Ideally, this p r e s s u r e  amplitude should correspond 
to that caused by the energy input p e r  cycle of the instability. This 
amplitude cannot be measured,  however, and the designer must  assume 
a reasonable value. In most  th rus t  chambers ,  instability builds up 
gradually and 190 db would be a reasonable assumption for the p r e s s u r e  
increase  per  cycle. 
th rus t  chamber.  An actual value lower than this should be of no conse- 
quence, because an amplitude of 190 db would be reached in subsequent 
cycles. An actual value much higher than this was not considered 
probable and could not be used in design calculations, because 190 db 
i s  considered to be the cur ren t  limit of the technology. 

This was assumed to be the case with the subject 

N o n l i n e r  Resistance Effects 
As sound p r e s  sur  e amplitudes be come g r  eater  than approximately 

100 db, increased gas turbulence in  the l iner aper tures  adds a nonlinear 
res i s tance  (E ) to the total acoustic res i s tance .  
ance has been the subject of considerable work and i s  extensively 
discussed in References 1 through 5. 
accurate  prediction of the nonlinear res i s tance  effects 'has not been 
demonstrated.  
E i s  a pr ime function of incident sound p r e s s u r e  level o r  whether it i s  
more  accurately a function of the ra t io  of par t ic le  displacement in the 
aper ture  to the aper ture  thickness. 
referenced above a r e  presented in Figure 13. 
ances  used in this program were obtained pr imar i ly  f rom the Blackman 
correlation based on par t ic le  displacement ratio.  
cient data presented and discussed to this point have been based on this 
correlation. 
cates  that a correlat ion which i s  possibly more  accurate  i s  the P r a t t  
and Whitney curve based on incident sound p res su re  level. 
and 15 show the effects  of the design assumptions if the cooled l iner 
absorption coefficients a r e  recalculated based on this correlation. 
the design point of 500 f t / s e c  flow velocity, 3000"R aper ture  gas tempera-  
t u re ,  and 190 db sound p r e s s u r e  level,  absorption coefficients a r e  a lmost  
zero with either backing cavity. 
it must  be concluded that the actual incident sound p r e s s u r e  level was 
much lower than 190 db. 
coefficients a r e  obtained a t  the lower p r e s s u r e  levels ,  par t icular ly  with 
the 0.072-inch backing cavity.. 
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This nonlinear r e s i s t -  

It should suffice here  to say that 

In fact ,  it has  not yet been shown conclusively whether 

Data published by the authorit ies 
The nonlinear r e s i s t -  

All absorption coeffi- 

Information recently made available in Reference 4 indi- 

Figures  14 

At 

If these calculated values a r e  co r rec t ,  

Note that fa i r ly  high values of absorption 



CONCLUSIONS 

Self-induced combustion instability and bomb-induced disturbances 
were successfully and consistently damped using the uncooled acoustic 
l iner and both vers ions of the cooled l iner.  

No conclusions were  reached regarding the theoretical  value of the 
absorption coefficient required to damp the instability. 
proven design procedure,plus the very  significant effects of variations 
in  design assumptions, makes the accurate  calculation of the absorption 
coefficient a lmost  impossible. 

The lack of a 

The half-length liner positioned in the injector end of the chamber 
was as  effective in damping the instability a s  the full-length l iner.  

Resonator cavity gas temperatures  were  relatively low (1200 O F ) ,  

and no overheating of an  uncooled copper outer chamber housing occurred 
during tes t  durations to five seconds. 
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APPEND I X  

ACOUSTIC LINER SAMPLE CALCULATIONS 

The following is  a sample calculation of the absorption coefficient 
of the cooled acoustic l iner at the first tangential frequency of the com- 
bustion chamber. Additional information and recommendations regard-  
ing calculation procedures  a r e  presented in  re ferences  2,  3 ,  and 4. 
configuration details  and operating conditions a r e  l isted below: 

The 

at = 7200 cps = 45,200 r ad / sec  
Pi= 190 db = 1,872 lb/ft2 
t = 0.20 in. 
D,= 0 .04  in. 
L = 0. 169 in. 
u = 2.57'0 = 0.025 
Ta= 2000 OR (assumed) 
pa = 0.34 x lb/ f t -sec 
p a =  1.05 lb/ft3 

(assumed) 

C a =  2280 f t / s ec  

The usual procedure i s  to f i r s t  calculate the absorption coefficient 
assuming no-flow conditions, then to apply correct ions to account for 
gas flow either past  or  through the aper tures .  

The absorption coefficient is  given as: 

4 0  c r =  
(0 + 1)' + Q z e z  (" - '.>" 

00 at 

where' 8, the specific input res is tance is: 

Rd 

(r P a  'a 
€I= 

The res i s tance  due to friction and turbulence is: 
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where E is the nonlinear res i s tance  correction factor. The Blackman 
coorelation will be used for this analysis and may be r ead  f rom Figure 
13 or calculated from: 

€ = 1 t 410 (Xo/t) (4) 

The ratio of particle displacement in the aperture  to liner thickness, 
Xo/t ,  mus t  be known before  E can be calculated. Xo i s  given as :  

1 
_ .  

0 

xo = (5) 

the effective length i s  equal to: 

t 
12  

1ef =- t 0.07 Da (1 - 0.7  6) 

t 0.07 (0.040) (1 - 0.7 rJm) 0.20 
12 

1.f =- 

1.f = 0.0194 ft 

the resonant frequency i s  given a s :  

. 0 2 5  (12) 
. 169 (. 0194) 

oo = 2280 

wo = 21800 r a d / s e c  

Since equations (3) ,  (4) and (5) a r e  functions of each other,  the calculation 
of Rd is  an  iteration p rocess  which is usually accomplished a s  follows: 

11 



First, estimate Xo f r o m  the following equation: 

This value of Xo i s  used in equation (4) to calculate E which, in turn,  is 
used in equation (3) to calculate Rd. 
(5) for the estimated value of Xo, the solution of Rd is  complete. 
wise,  the p rocess  i s  repeated until a solution is obtained. 
of using a computer for this process  should be evident. 

If this value of Rd sat isf ies  equation 
Other- 

The advantage 

Substituting known values in equation (8): 

2 (1872) 
1.05 (22801' 1.025) 

X0' = 

X,' = 0. 149 in. 

E = 1 t d l 0  (Xo/t) 

E = 1 + d l 0  (0.  149/0.20) 

E = 3.73 

Substituting into equation (3): 

_- 
Rd = 2"\/(3.4 x (1. 05)(4. 52-x l o 4 )  (3.73 t 0.20/0.04) 
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Substituting Rd into equation (5) 

2(1872) 

1 xo = -  
1. 05(2280)2 (. 025) [ .169(32.2) 

1 Xo =0 .149  ( - 

410.9 t .182 

X, = 0.0447 

This value differs significantly f r o m  the estimated value of Xo. The next 
step is  to repeat  the calculations using a n  assumed value of X, = 0.0447, 
continuing the i teration until the equations a r e  satisfied. The resu l t s  of 
these calculations a re :  

E = 2.51 

X o / t  = 0.228 

For  the nonlinear res i s tance  coor elations which a r e  functions of sound 
p res su re  level ra ther  than Xo/t, E is r ead  directly f r o m  the curves 
shown in Figure 13 and the i teration process  is  eliminated. 

The specific input res is tance,  equation (2), is: 

13 



27.2 
0.025(1. 05)(2280) 0 =  

The quality factor is: 

~o l e f  Q =  e ca u 

21800 ( 2 1 9 4 )  
= 0.454(2280)(0.025) 

Q = 16.3 

Substituting into equation (1 ) :  

4 (0.454) - -. - 

(1.454)2 t 16. 32 (0.45412 (z - 45200 45200 - 21800s a = -  

Cy = 1.3 % 

The absorption coefficient for the same  configuration will be made 
assuming a gas  flow velocity of 500 f t /sec pas t  the ape r tu re s .  
cedure i s  similar t o  the no-flow calculations with modifications to co r rec t  
for flow. 

The pro-  

The shifted resonant  frequency is  calculated f r o m  

14 



where Afo/fo is a constant 0. 64 for velocities grea te r  than 350 f t / sec .  

( w ~ ) ~  = 21800 (1 t 0.64) 

( ~ 0 ) ~  = 35750 

The effective length with flow i s  calculated f r o m  

12 (. 025) (2280)2 (a ) =-- 
ef V . 169 (35750)2 

(a ef)v = 0.00723 f t  

An iteration process  similar to the one used in  the no-flow case  i s  
used to calculate the res i s tance .  

Note that wo i s  used for the flow case  instead of at. 

The par t ic le  displacement equation i s  unchanged except for the two 
t e r m s  affected by flow velocity. 

Both equation (4) and (8) are unchanged. 

The following values were  calculated by i teration: 

Rd = 23.2 
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E = 4.27 

Xo/t = 1.068 

The specific resistance with flow past the apertures is  given as: 

(1 - Af V)-4  
R d  e, = 
P a  'a 

where Af is  a n  amplitude parameter  having a constant value of 0.67 x I O - ~  
for all frequencies grea te r  than 2000 cps.  

[ 1 - (0.67 x 10-3)(500)]-4 - 23.2 
- 0.025 (1.05) (2280) 

35750 (7.23 x 
2280 (. 025) (1. 98) Qv = 

Qv = 2.28 

Substituting the values corrected for flow into equation (1): 

- 4 (1.98) 
C Y =  -45200. 3575oji  

(1.98 t 1)' t (2.28)' (1. 98)' (K - 45200 
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TABLE I 

PERFORMANCE DATA 

RUN P c  Wf Wo Wo/Wf F t qc* TI  T2 
No. p s i a  l b l s e c  l b / s e c  lb  s e c  yo " F  'F 

147-25 995 3 . 8 1  10 .44  2 . 7 0  3690 2 . 0  92 .0  - - B a s e  ins tab i l i ty  f i r i n g .  No acous t ic  l iner  
147-48 1031 4 .68  9 . 5 5  2 . 0 4  3690 3 . 0  93 .5  - - Uncooled L i n e r  T e s t  - L i n e r  des t royed  
147-67 1018 5.17 9 .97  1 .93  3820 3 . 0  9 2 . 5  - - Uncooled L i n e r  T e s t  - L i n e r  des t royed  
176-1 966 - - 3 . 0 7  3500 1 . 2  - - - F i r s t  f i r ing  of cooled l i n e r  t e s t  s e r i e s .  Stable combustion 
176-2 1032 5 . 4 1  9 . 1 8  1 . 7 0  3692 3 . 0  9 6 . 5  1012 828 No backing s p a c e r .  F u l l l e n g t h l i n e r  

176-3 1014 4 . 6 2  10 .07  2 .20  3642 3 . 0  90.0 1102 890 S a m e  a s  - 2  
176-4 1009 4 . 4 5  9.97 2 .20  3600 3 .0  91 .0  1217 I l l 6  S a m e  a s  -2  
176-5 1018 4 . 9 3  9.67 1 . 9 6  3657 3 . 0  9 1 . 2  938 NoGood Backing Spacer  u s e d .  Full length l i n e r  
176-6 N O  D A T A  T e s t  abor ted  due t o  TEA leak  
176-7 1012 4 .95  9 .74  1 .97  3686 5 . 0  9 1 . 8  1136 NoGood No backing s p a c e r .  Hal f - length l iner  

176-8 1016 5.12 9 . 4 6  1 . 8 5  3700 3 . 0  9 1 . 5  1031 NoGood S a m e a s  -7  
176-9 1021 4 .77  9.99 2 .09  3700 1 . 9  92 .0  1034 819 S a m e  a s  -7  p lus  6 . 9  g r a i n  bomb t e s t  
176-10 1019 4 . 9 7  10 .05  2 . 0 1  3706 5 . 0  9 0 . 4  1139 NoCood Backing s p a c e r  u s e d .  H a l f - l e n g t h l i n e r .  6 . 9  g r a i n  bomb 

176-11 1042 4 . 9 1  10 .27  2.09 3809 4 . 6  91.0 ,l4&3, NoGood Backing s p a c e r  u s e d .  Half-lengthliner.13.5grain bomb 

176-12 952 4 .90  9 .58  1.96 3887 1 . 3  9 0 . 5  - - B a s e  ins tab i l i ty  f i r i n g .  No acous t ic  l iner  

t e s t .  

t e s t  
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W A ~ E R  
INLET 

W A ~ E R  
OUTLET 

(a) Basic Thrust Chamber 

(b) Cooled Acoustic Liner Configuration 

FIG. 1 THRUST CHAMBER ASSEMBLY 
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,*,I c. <. ,k .d  03, L<. c. , ' 4. - 
Tessure  Transducer 

Backing Space 

,040 dia 1350 Holes 
( 2 7  Bands of 50 Holes Each) 

( c )  Cooled Liner  Details 

FIG. 2 ACOUSTIC CHAMBER LINER 



FIG. 3 INSTABILITY PRESSURE AMPLITUDES, 
DIGITIZED DATA, R U N  147-25 
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FIG.  4 F R E Q U E N C Y  ANALYSIS, R U N  147-25  
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FIG. 5 FREQUENCY ANALYSIS, R U N  147-67 
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FIG. 6 UNCOOLED LINER AFTER ONE 3-SECOND FLRING 
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Test  Number 176-4 

Tes t  Number 176-12 

FIG. 7 OSCILLOGRAMS FOR FIRINGS WITH 

AND WITHOUT ACOUSTIC LINERS 
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FIG. 8 OSCILLOGRAM O F  13 .5  GRAIN CHARGE 
PULSING THE ACOUSTIC-LINER CHAMBER, RUN 176- 11 
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FIG. 10 VARIATIONS IN ABSORPTION COEFFICIENTS WITH 
DESIGN ASSUMPTIONS, COOLED LINER, 0.169 inch Backing Cavity 

27 



No Flow 100 - 

50 - 

1 

0 6800 7200 7600 

Frequency,  cps  

h 

E 
V = 250 f t / s e c  

7200 7600 

Frequency,  cps  

loo  r 
1000 OR I 

50 t - 2 0 0 0  OR 

V = 500 f t / s e c  

s 
I 3000 OR 

1 1 1 -  1 1 1 I 
9 6 ; O O  7200 7600 

Frequency,  cps 

FIG. 1 1  VARIATIONS IN ABSORPTION COEFFICIENTS WITH 
DESIGN ASSUMPTIONS, COOLED LINER, 0.072 inch Backing Cavity 
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COOLED LINER, PRATT AND WHITNEY NONLINEAR CORRECTION 
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